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Abstract

Near-surface alloys (NSAs) possess a variety of unusual catalytic properties that could make them useful candidates for improved catalysts in a

variety of chemical processes. It is known from previous work, for example, that some NSAs bind hydrogen very weakly while, at the same time,

permitting facile H2 activation. These NSAs could, potentially, facilitate highly selective hydrogenation reactions at low temperatures. In the

present work, the suitability of NSAs for use as hydrogen fuel cell anodes has been evaluated; the combination of properties, possessed by selected

NSAs, of weak binding of CO with relatively facile H2 activation is nearly ideal for this application. We suggest that, as nanoscale materials

synthesis techniques improve, it will become feasible to reproducibly prepare NSAs with highly specified surface structures, resulting in the design

and manufacture of a wide variety of such materials for use in fuel cells and in an ever-increasing range of catalytic applications. Furthermore, we

introduce a new concept for NSA-defect sites, which could be responsible for the promotional catalytic effects of a second metal added, even in

minute quantities, to a host metal catalyst.
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1. Introduction

The rational design of catalysts has been a long-standing

goal of surface scientists and engineers [1,2], and recent

investigations have begun to uncover some of the principles

necessary for these types of design efforts to be successful [3–

5]. Certain of these investigations concern the role that near-

surface alloys (NSAs) can play in endowing surfaces with novel

catalytic properties. NSAs are alloys where a solute metal is

present near the surface of a host metal in concentrations

different from the bulk. Although NSAs may contain only a

minute amount of solute in the surface region of the catalysts,

they can have catalytic properties that differ dramatically from

the properties of the corresponding pure metals [6–9].

Although studies of individual NSAs are becoming

increasingly common [10–12], there has still been relatively

little work done to elucidate trends in the properties of NSAs for

a broad range of transition metals and adsorbates. First-

principles computational methods [13] offer an ideal frame-

work for the development of such trends, as those methods
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permit the screening of a large number of different NSAs at

relatively low cost. Computational studies of the thermo-

chemical [14,15] and kinetic [16] properties of hydrogen on a

variety of different NSA surfaces have confirmed the generality

of the surprising catalytic properties discussed in the individual

cases above. Studies of H2 dissociation kinetics, in particular,

have shown very surprising results; they demonstrated that

some NSAs can produce a combination of weak atomic

hydrogen (H) binding and facile H2 dissociation [16]. For H2

dissociation, weak binding of H would typically be thought to

imply a high H2 activation energy barrier [17–20]. However,

certain NSAs were shown to offer exceptions to this rule by

simultaneously allowing weak H binding and low H2

dissociation barriers. Weak binding of H, in turn, could

facilitate subsequent hydrogen-transfer reaction steps, allowing

lower temperatures to be employed for reactions on these

NSAs, and thereby, enhancing the selectivity of related

processes.

The success of computational studies in revealing unique

NSA properties for hydrogen-related applications suggests that

a similar study of adsorbates and properties that are of interest

for the design of hydrogen fuel cell anodes might prove fruitful.

It has long been known that pure hydrogen is an ideal fuel cell

feed; on platinum anodes, for example, nearly no voltage loss is
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observed when hydrogen is employed [21]. However, due to the

steam reforming process used to produce hydrogen, small

amounts of carbon monoxide are always present in hydrogen

feed streams [22]. In turn, even trace amounts of CO effectively

poison the platinum anode surface, leading to deactivation of

the fuel cell.

Given the above considerations, it would be highly desirable

to find alloys for anodes that would be resistant to CO

poisoning. CO-resistant materials could be created, for

example, simply by finding alloys that bind CO very weakly.

This approach must be used with care because, as will be shown

here, alloys that bind CO weakly often bind atomic hydrogen

weakly, as well, and weak binding of atomic hydrogen often

implies difficulty in activating the H2 bond. NSAs, however,

might be ideally suited to overcome these limitations. In

particular, the ability of some NSAs to activate H2 while, at the

same time, binding atomic hydrogen and CO weakly could

make them ideal candidates for hydrogen fuel cell anodes.

Additionally, the low temperatures used in fuel cells would

facilitate the stabilization of metastable NSAs, thus broadening

the range of NSAs that might be useful for fuel cell

applications.

In this contribution, we begin by summarizing previous

results concerning hydrogen adsorption on NSAs. We then

present a database of binding energies of CO on various NSAs,

and we demonstrate the existence of a correlation between the

CO and hydrogen binding energies. Subsequently, we show

how these data can be combined with information about the

kinetics of H2 bond scission on NSAs to identify promising
Fig. 1. Stability of NSAs with respect to carbon monoxide-induced segregation. M

(‘‘surface segregation’’) for a single solute atom tomove from the bulk to the surface l

of the CO binding energies (uCO = 1/4ML) on the pure solute and on the pure host clo

are shaded. The insets show the structure of overlayer and subsurface alloy NSAs
candidates for hydrogen fuel cell anodes. Finally, we introduce

and discuss the unusual properties of a new kind of highly

active catalytic defect site, which we call NSA-defect site.

2. Methods

DACAPO, the total energy calculation code [23], is used in

this study. For all calculations, a four-layer slab, periodically

repeated in a super-cell geometry with five equivalent layers of

vacuum between any two successive metal slabs, is used. A

2 � 2 unit cell is employed, and the top two layers of the slab

are allowed to relax. Adsorption is allowed on only one of the

two surfaces exposed, and the electrostatic potential is adjusted

accordingly [24]. Ionic cores are described by ultrasoft

pseudopotentials [25], and the Kohn-Sham one-electron

valence states are expanded in a basis of plane waves with

kinetic energy below 25 Ry. The surface Brillouin zone of

close-packed metal surfaces is sampled at 18 special Chadi-

Cohen k points; bcc(1 1 0) surfaces are sampled with a

4 � 4 � 1 Monkhorst-Pack k-point grid. In all cases, conver-

gence of the total energy with respect to the k point set and with

respect to the number of metal layers included is confirmed.

The exchange-correlation energy and potential are described

self-consistently within the generalized gradient approximation

(GGA-PW91) [26,27]. The self-consistent PW91 density is

determined by iterative diagonalization of the Kohn-Sham

Hamiltonian, Fermi population of the Kohn-Sham states

(kBT = 0.1 eV), and Pulay mixing of the resulting electronic

density [28]. All total energies have been extrapolated to
etal alloys are denoted as solute/host pairs. The x-axis indicates the energy

ayer of the host metal. The y-axis denotes the difference between the magnitudes

se-packed metal surfaces. Regions in which CO-induced segregation is expected

.
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Fig. 2. Transition state (ETS) energy vs. hydrogen binding energy for H2

dissociation on (1 1 1) surfaces of pure noble metals and NSAs. The energy

reference for bothETS and the hydrogen B.E. corresponds to H2(g) and the clean

metal slab at infinite separation from one another.
kBT = 0 eV. Zero-point energy effects are not considered in the

reported results. Spin polarization effects are tested for and

included where appropriate.

The structures of the idealized NSAs considered in this study

are described with the notation ‘‘X*/Y’’ or ‘‘X/Y’’. In both

cases, X refers to the solute metal, and Y denotes the host metal.

A superscript asterisk (*) indicates that the solute is present in

the form of an overlayer; the absence of an asterisk indicates

that the solute forms a subsurface alloy (see insets of Fig. 1). In

both cases, the total coverage of the solute is one monolayer.

The calculated PW91 bond energy for H2(g) is 4.57 eV. This

result implies a zero-point energy corrected value of �4.30 eV,

in fair agreement with the experimental value of 4.52 eV at

298 K [29].

3. Results

In this section, we first comment briefly on the stability of

NSAs in hydrogen- and CO-rich environments. We then review

previously published results for H2 dissociation and H

adsorption on various pure metals and NSAs, focusing on

the unusual properties of NSAs that may provide improved

activity and stability for catalytic processes involving hydro-

gen. Next, we present new results for CO adsorption on a

variety of NSAs. Finally, we combine the hydrogen and CO

results in an attempt to assess the suitability of various NSAs for

use as anodes in low temperature hydrogen fuel cells.

3.1. Stability of NSAs in the presence of hydrogen or CO

We begin by describing how NSAs for hydrogen-related

reactions can be chosen; later, we comment briefly on how this

analysis can be extended to reactions where CO is also present.

To identify NSAs with well-defined properties, it is desirable

that the composition in the near-surface region be stable in

hydrogen-rich environments at appropriate temperatures and

pressures. This stability can be estimated using a simple

procedure that has been described previously [16]. In brief, the

procedure consists of first determining the surface composition

of the NSA in vacuum (this can be estimated by analyzing the

energy needed to move a solute atom from the bulk to the

surface of the host metal, Eseg [33]) and then determining the

effect of hydrogen adsorption on this composition. The latter

determination can be made by comparing the inherent tendency

of the NSA to resist compositional changes (determined by

Eseg) to the hydrogen-induced driving force for a change in

composition (estimated by the difference in hydrogen binding

energies on the corresponding clean metals). In general, this

procedure suggests that hydrogen will not induce surface

segregation for most solute/host transition metal pairs, at least

at low temperatures and pressures.

This stability analysis can be extended to a hydrogen fuel

cell environment by applying the same procedure to CO-

induced compositional changes. The range of B.E.s of CO

across the pure transition metals is larger than is the

corresponding range for hydrogen (the range of B.E.’s between

Au and Ru, e.g., is 0.75 eV for H and 1.87 eV for CO);
compared to hydrogen, CO will, therefore, possess a larger

thermodynamic driving force for adsorbate-induced segrega-

tion. However, we nonetheless find that several NSAs will be

relatively stable in CO-rich environments (Fig. 1).

3.2. Hydrogen binding energies and H2 dissociation

barriers

Detailed results for hydrogen binding energies and H2

dissociation energetics on a variety of pure metals and NSAs

are given in previous publications [14,16], and only a summary

of the results is given here. Briefly, a significant gap in hydrogen

binding energies exists between the noble metals and the other

transition metals considered. This gap is bridged by the NSAs,

which generally exhibit weaker hydrogen binding than do the

corresponding pure host metals. In fact, the strength of

hydrogen adsorption is so reduced on some NSAs that they

actually bind H more weakly than do the noble metals.

As regards the kinetics of H2 activation on transition metals,

a remarkable trend is seen in the transition state energies for

dissociation on both the noble metals and on selected NSAs.

Although hydrogen is as weakly bound to many of the Pt- and

Pd-terminated NSAs as it is to the noble metals (Cu, Ag, and

Au), the transition state energy for H2 dissociation on these

NSAs is significantly lower than is the corresponding energy on

the noble metals (Fig. 2). These results suggest that certain of

the NSAs effectively combine weak binding of atomic

hydrogen with facile dissociation of H2. This unusual

combination of properties implies that the NSAs may serve

as highly effective hydrogen transfer catalysts by both allowing
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Fig. 3. CO binding energies (B.E.CO) on various close-packed surfaces, refer-

enced to a clean metal slab and a gas-phase CO molecule (CO(g)) at infinite

separation from one another. Subsurface alloys are indicated with the notation

solute/host, and overlayers are indicated as solute*/host. The height of the bars

associated with the various alloys and pure metals is arbitrary and is varied only

for clarity.

Fig. 4. Correlation between hydrogen and CO binding energies on close-

packed surfaces of pure metals and NSAs. The hydrogen binding energy is

referenced to a gas-phase hydrogen atom (H(g)), and the CO binding energy is

referenced to a gas-phase CO molecule. The solid horizontal line denotes the

hydrogen binding energy at which H2 dissociation becomes spontaneous on Pt-

terminated NSAs; the dashed horizontal line identifies the corresponding value

for Pd-terminated NSAs.

ready dissociation of molecular hydrogen and making the

resulting atomic hydrogen easily available for subsequent

hydrogen transfer reactions.

3.3. CO binding energies

A schematic representation of the binding energies of CO on

a variety of pure metals and on NSAs that are stable in CO-rich

environments is given in Fig. 3, and the corresponding data are

presented in Table A1 of the Appendix A. For the pure metals, a

gap in binding energies between the noble metals and all other

transition metals considered is clearly seen. This gap, which

closely resembles the analogous gap seen for atomic hydrogen,

is in large part filled by the CO binding energy on several NSAs.

In addition, as was also the case with hydrogen, the binding of

CO to the NSAs is generally weaker than is the CO binding to

the corresponding host metals.

3.4. Combined H and CO binding energy analysis

The significant qualitative similarities between the hydrogen

and CO binding characteristics on pure metals and NSAs

suggest that a correlation might exist between the binding

energies of these two adsorbates. Fig. 4 demonstrates that such

a correlation does, in fact, exist; it is substantially linear. The

correlation implies that there is a fundamental similarity

between the electronic interactions of H and CO with metal

surfaces. This similarity, in turn, can be traced back to the close

relationship between the clean surface d-band centers and the

binding energies of these two adsorbates [16,30].

4. Discussion

4.1. Fuel cell applications

The relationship between the hydrogen and carbon

monoxide binding energies (Fig. 4) suggests an algorithm
for screening NSAs for promising properties as fuel cell

anodes. For the reasons described above, the anode must be

resistant to CO poisoning. This property could be realized, for

example, by finding alloys that bind CO weakly; NSAs with

this property, and which are not suffering from CO-induced

surface segregation, can easily be identified from Fig. 3. Weak

binding of CO, however, implies that the anode will also bind

hydrogen weakly (Fig. 4). This implication presents a potential

problem for anode design because, for a hydrogen fuel cell

anode to be useful, it must be able to activate H2. According to

Brønsted–Evans–Polanyi correlations for a number of simple

dissociation reactions [17–19], weaker H binding should

always imply a higher H2 dissociation barrier. NSAs, however,

permit an escape from that rule by offering, in some cases, the

novel combination of weak hydrogen binding and facile H2

activation [11,14,16]. This remarkable property suggests that

they might be excellent candidates for hydrogen fuel cell

anodes. Facile H2 activation with weak hydrogen binding

implies that H2 activation could also be expected with weak CO

binding (Fig. 3), thus presenting an almost ideal set of

properties for these anodes.

To quantify the above speculations, we have used kinetic

data from [16] (see also Fig. 2 of the present manuscript) to

estimate the weakest hydrogen binding that would still be

expected to result in quasi-spontaneous H2 dissociation on Pt-

and Pd-terminated NSAs. The resulting values, �2.44 eV for

Pt-terminated NSAs and �2.59 eV for Pd-terminated NSAs,

are indicated by horizontal lines in Fig. 4 (we note that

inclusion of zero-point energy effects for adsorbed atomic

hydrogen would simply shift both these lines and all of the data

points along the hydrogen axis by the approximately constant

amount of 0.15 eV; corresponding shifts along the CO axis,

resulting from CO zero-point energies, would be smaller). Pt-

terminated alloys located either at or immediately below the

Pt-terminated horizontal line in that figure would be expected
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Fig. 5. Schematic representation of a NSA-defect site in cross-section and top-

view. The light circles denote host metal atoms, while the dark circle indicates

the subsurface solute impurity.
to possess the lowest possible CO binding energy that still

permits quasi-spontaneous H2 activation. Pd-terminated alloys

near the Pd-terminated horizontal line in Fig. 4 would, in turn,

identify the best possible Pd-terminated NSAs. The results

suggest that promising NSAs for hydrogen fuel cell anodes

(both subsurface alloys and overlayers) are Ru/Pt, Pt*/Ru, Re/

Pt, Pt*/Re, Rh/Pt, Pd*/Ru, Ru/Pd, Pd*/Re and possibly Cu/Pt.

We note that several bulk forms of the above binary alloys

(most notably PtRu) are well known for their excellent

performance as fuel cell anodes [31–34]. This fact suggests that

our analysis, based on simple, ideal, NSAs is capable of

identifying bimetallic combinations that do, in fact, have good

catalytic properties for hydrogen fuel cell applications. This

result may, at first, seem surprising, as our near-surface alloys

do not closely resemble the bulk alloys that are often seen in

working fuel cells. However, even bulk alloys often show

significant concentration changes near the surface, and they can

thus resemble purely surface alloys in the surface regions

[35,36]. Thus, it is possible that the promising near-surface

alloy properties observed in the present work contribute, in

some way, to the activity of the bulk alloy catalysts. We note, in

passing, that the ideal, bimetallic NSAs that show promising

anodic properties do so through purely ligand and strain effects;

since there is only one kind of atom present on the surface of

these NSAs, the bifunctional mechanism cannot contribute to

their activity [32,37].

4.2. Special catalytic sites and non-ideal NSAs

The NSA structures described above are clearly idealiza-

tions of real NSAs. In reality, it is fairly uncommon for NSAs

to have a pure solute monolayer in either the first or second

metal layers. Subsurface alloys, for example, have host-

enriched first layers and solute-enriched second layers, but

these layers are generally not completely pure [35].

Calculations have shown, however, that modest deviations

from ideality of this nature do not qualitatively change the

unusual catalytic properties of NSAs [16]. Further, we argue

that minute amounts of solute (with coverages much less than

one monolayer), even at the impurity level, in the near-

surface regions may form a new kind of highly reactive defect

site (Fig. 5); although not explicitly recognized so far, these

NSA-defect sites could have unusual catalytic properties in

their own right and might be responsible for special catalyst-

promotional effects recorded in the literature [38–44]. For

instance, and as summarized in Fig. 2, these NSA-defect sites

could offer an attractive combination of fast kinetics for

bond-breaking/making events (through the promotional effect

of the second metal) and simultaneous resistance to poisoning

by reactants/products of these reactions. It is interesting to

contrast these properties of NSA-defects with the properties

of more typical defect sites, e.g., under-coordinated surface

defect sites (e.g., steps, kinks) that are sometimes quickly

poisoned through strong binding of reactants, products, or

other surface reaction intermediates, thus playing no

significant role under steady-state reactions conditions.

Contrary to this, poison-resistant NSA-defects would remain
very active in promoting catalysis under steady-state reaction

conditions.

In any case, for both subsurface alloys with impure layers

and isolated subsurface defects, deviations from ideality do

produce quantitative changes in NSA properties. Thus, to fully

benefit from the unique catalytic properties of NSAs, it will be

necessary to achieve more precise control of metal catalyst

surface structure, perhaps by implementing improved catalyst

nanofabrication techniques. One such technique is Atomic

Layer Deposition [45]; this approach can be applied to a variety

of metal and oxide systems, including the deposition of well-

defined metal films on porous oxide supports [46]. The success

of this approach, together with techniques using dendrimers,

electrochemical deposition of monolayers, and nanoparticle

fabrication technologies, suggests that practical nanofabrica-

tion strategies for metals may not be far off [9,47–52].

5. Conclusions

Near-surface alloys possess a variety of unusual catalytic

properties that could make them useful candidates for improved

catalysts in a variety of chemical processes. It has already been

shown in previous work that NSAs could facilitate highly

selective hydrogen transfer reactions at low temperatures. In the

present work, the list of potential applications for NSAs has

been extended to low temperature hydrogen fuel cell anodes.

The existence of a correlation between hydrogen and carbon

monoxide binding energies on a variety of pure metals and

NSAs has been established; this correlation, when coupled with

kinetic data on H2 dissociation from previous work, suggests

that some NSAs, such as Ru/Pt, Pt*/Ru, Re/Pt, Pt*/Re, Rh/Pt,
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Pd*/Ru, Ru/Pd, Pd*/Re and possibly Cu/Pt, have the combined

properties of weak binding of CO with relatively facile H2

activation. These properties, in turn, are ideal for anodes in

hydrogen fuel cells. Accordingly, we suggest that, as nanoscale

materials’ synthesis techniques improve, it will become

feasible to reproducibly prepare NSAs with highly specified

surface structures, resulting in the design and manufacture of a

wide variety of such materials for use in an ever increasing

range of catalytic applications. Finally, we argue that at the

dilute limit of NSAs, one can access the unique properties of a

new kind of special NSA-defect sites, combining weak binding

with facile bond-breaking/making. These special defect sites

should be able to promote catalysis at a locally, poison-resistant

environment, and under steady-state conditions.
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Appendix A

Table A1.
Table A1

Binding energies of CO on close-packed surfaces of pure metals, overlayers,

and subsurface alloys

Metal or NSA B.E.CO (eV) Metal or NSA B.E.CO (eV)

Au �0.35 Ta/Pd �0.97

Ir �2.12 V/Pd �0.96

Pt �1.83 W/Pd �1.11

Cu �0.85 Re/Pd �1.27

Re �2.02 Mo/Pd �1.18

Rh �1.81 Fe/Pd �1.23

Ru �2.22 Ir/Pd �1.64

Pd �2.01 Ru/Pd �1.55

Co �1.89 Re/Rh �1.73

Mo �1.96 Ir/Rh �2.00

Fe �1.96 Mo/Rh �1.59

V �2.69 Mo/Ru �2.04

W/Pt �1.18 Pt*/Ru �1.22

Ta/Pt �1.11 Pd*/Ru �1.57

Re/Pt �1.41 Pt*/Re �1.40

Mo/Pt �1.19 Pd*/Re �1.41

Fe/Pt �1.11 Rh*/Re �1.78

Ru/Pt �1.53

Rh/Pt �1.55

Cu/Pt �1.54

For all alloys, the first element listed is the solute, and the second element is the

host. Asterisks (*) denote ideal overlayer NSAs; remaining NSAs are ideal

subsurface alloys (see schematics in Fig. 1). The pure metals and each family of

NSAs are listed in order of increasing d-band center (ed) of the corresponding
clean surface.
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